In this study, a hybrid electromagnetic and mechanical stimulation system that can apply an alternative current magnetic field (ACMF) and tensile strain fields on PC12 cells was developed to enhance nerve axonal extension. For the ACMF stimulation system, we used a frame to facilitate uniform ACMF application and in situ microscopic observation. We optimized the design of the frame based on analytical results. We verified that the developed ACMF stimulation system can generate a uniform magnetic field. Further, we designed a uniaxial stretch stimulation system. The cell culture area of the stretch stimulation system was made of a nonmagnetic material. The strain in the stretch stimulation region was confirmed to be uniform, with acceptably small deviations. Next, the effectiveness of axonal extension enhancement was validated by adopting two stimulation methods, ACMF and stretch, separately or in combination, hereafter referred to as ACMF, stretch, and hybrid conditions. PC12 cells seeded on the silicone sheets were cultured for 96 h under the three stimulation conditions. The enhancement rate of the hybrid condition was higher than the enhancement rates of ACMF stimulation and stretch stimulation. The effects of stretch stimulation on axonal extension appeared immediately after beginning the stimulation, while the effects of ACMF stimulation took longer to appear. These results revealed that there are different mechanisms of cell environment stimulation of the axonal extension of PC12 cells and that hybrid stimulation is the most effective stimulation method of those studied.
Introduction
At present, the most widely-used regeneration treatment for damaged nerve tissues is the direct suture and transplantation of the nerve, in which healthy nerve tissue is excised and transplanted to a damaged site. Artificial nerve tubes for nerve regeneration have been developed recently to avoid the risk of sequela, which is caused by excision of healthy nerve tissue. However, this method is not recognized as better than transplantation. Even though transplantation is currently a common standard treatment, there remains a problem for elderly patients, who cannot recover completely because their nerve regeneration is slow and, as a result, remains incomplete in cases involving severe nerve damage. To overcome this problem, a new enhancement technology for nerve regeneration is required.
Previous experimental studies were carried out using biological microelectromechanical system (Bio-MEMS) devices and dielectrophoresis (DEP) cell patterning technologies to reveal the fundamental mechanism of the axonal extension of rat adrenal pheochromocytoma (PC12D) cells (Nakamachi et al., 2014 (Nakamachi et al., , 2015 . Axonal extension enhancement methods and the influence of interaction on axonal extension was studied using two, four, and six microarrays and holes for the trapping and patterning of PC12D cells, where the distance between the cells varied in several geometrical patterns on the slide glass. It revealed that the interval distance of neighbored cells is dominant factor to enhance the axonal extension.
In terms of cell culturing and bioreactor development, we focused on extracellular environmental stimulation, such as the electromagnetic (Blackman et al., 1993a (Blackman et al., , 1993b (Blackman et al., , 1996 Fan et al., 2004; Komazaki and Takano, 2007) , mechanical (Chang et al., 2010; Franze et al., 2009; Georges et al., 2006; Haq et al., 2006; Higgins et al., 2013; Pfister et al., 2003; Rana et al., 2010; Shibasaki, et al., 2010) , and chemical stimulation (MacLennan et al., 1997; Ming et al., 1997; Ren et al., 2004) , to enhance nerve axonal extension. In this study, we selected electromagnetic and mechanical stimulations to enhance nerve axonal extension. These stimulations can maintain a constant load over a long period. Extremely lowfrequency alternating current magnetic field (ACMF) stimulation is effective for PC12 axonal extension enhancement, as reported by previous research (Blackman et al., 1993a (Blackman et al., , 1993b (Blackman et al., , 1996 . Under ACMF stimulation, the influx of Ca 2 + through the extracellular membrane of nerve cells promotes a process that activates the essential protein for nerve axonal extension (Komazaki and Takano, 2007) . ACMF stimulation could be constantly applied over a long period with low invasion on PC12 cells. Furthermore, it was reported that microtubule associated protein 2 (MAP2) appeared during the stretch stimulation condition (Higgins et al., 2013) . In other words, stretch stimulation is an effective method to enhance neuritogenesis. The effects of ACMF stimulation and stretch stimulation are different: stretch stimulation is used to rehabilitate damaged nerve tissue and current rehabilitation is used to prevent muscle weakness and the delay of function recovery. Thus, controlling rehabilitative movement prevents muscle weakness and enhances nerve axonal extension simultaneously through single stretch stimulation.
In this study, we design and fabricate a hybrid system that can simultaneously apply uniform ACMF stimulation and stretch stimulation to cells for the enhancement of nerve axonal extension. We evaluate the coupling effect of simultaneous mechanic and magnetic stimulation by adopting certain values of tensile strain and magnetic field strength. Furthermore, we aim to develop of a system that facilitates the observation of nerve axonal extension over time using a microscope. Next, we evaluate the system's performance and effectiveness for each stimulation type for PC12 cells. Thus, the main objectives of this study are: (1) fabrication of the uniform ACMF stimulation and stretch stimulation system, (2) assessment of hybrid electromagnetic and mechanical stimulation for the enhancement of axonal extension of PC12 cells.
Materials and Methods

Development of a uniform ACMF stimulation system 2.1.1 Design principles
Commonly used magnetic field generation methods, such as Helmholtz and solenoid coil structures, are not suitable for in situ microscopic observation. Therefore, we designed and fabricated a uniform ACMF system using a frame that can be used for in situ observation of PC12 cells. This system is shown in Figure 1 . The core material used in this system is silicon steel, which is a hard magnetic material with high magnetic permeability. Two coils were attached to both sides of the core. To load the same intensity and phase of the driving current to the two coils, magnetic flux was generated inside the core material and leaked from the center gap area of the core material. A uniform magnetic field was generated in the cell culture area through this leaking magnetic flux. We used the magnetic circuit design method to design the magnetic stimulation system with the frame. The total magnetic flux is calculated using Equation (1), in which the total magnetic flux, magnetomotive force, and magnetic resistivity are represented by B, F, and R, respectively.
= (1)
The magnetic resistance in the gap area, RGAP, is expressed by Equation (2).
where Rair, Rmedium, RGAP, f, and  are the magnetic resistance of the area containing air, the magnetic resistance of the area containing the medium, the gap area of the frame, the magnetomotive force loss factor, and the leaking factor, respectively. The value of f was set to 1.2. The magnetic resistivity of the entire magnetic circuit can be expressed as
where, RS is the magnetic resistivity of the silicon steel plate. Rair, Rmedium, and  are calculated based on Equations (4)- 
where lair, lmedium, 0, air, medium, A1, Pg, and P1~4 are the length of the air area, length of the medium area, permeability of vacuum, relative permeability of air, relative permeability of medium, cross-sectional area of the magnetic flux, air gap permeance, and the permeance factors, respectively. Pg, and P1~4 are listed below: 
Finite element analysis of the magnetic field of the ACMF stimulation system
We designed a system that generates a uniform magnetic field distribution inside a 35-mm dish using finite element analysis (FEA) with ANSYS EMAG (Version 14.5, CYBERNET Inc.). We set the design variables as lengths x and y, as shown in Figure 1 , and optimized the design of the frame based on the response surface method. By considering the restriction of the size of the observation stage of the microscope, the values of x and y were set to 120, 130, 140, and 150 mm, and the variability of the magnetic field distribution inside the 35-mm dish obtained using the FEA results was adopted as the objective function. The number of coil turns was 540 and the diameter of the enameled wire was 0.5 mm. Figure 2 shows the analytical model of the ACMF system for magnetic field analysis. In this analysis, the material properties of all circumferential media except the coil, core material, and medium area, were set to those of air, as shown in Figure 2 . We set the DC current to 100 mA.
In general, it is possible to generate a uniform magnetic field distribution using a Helmholtz coil configuration. Therefore, our objective was to achieve the same variation in magnetic flux density that the Helmholtz coil generated. Thus, the variation of the magnetic flux density generated by the device should be within ± 1.5% of the average value. Analytical results indicated that the average magnetic flux density variation was within ± 0.3% for all considered conditions. Therefore, all conditions satisfied our design objective. Next, we evaluated the uniformity of the magnetic flux density generated within the 35-mm dish. We set grid points in the dish to calculate the average values of the magnetic Science and Engineering, Vol.13, No.2 (2018) [DOI: 10.1299/jbse.18-00024] flux density. At each point, the coefficient of variation was calculated based on the FEA results. We searched for an optimum condition using the coefficients of variation of magnetic flux density as the objective function. The response surface methodology was used in our optimum condition search (Kurihara et al., 2008) . Figure 3 shows the response surface of objective function. These results indicate that the variable is minimized when both x and y are 130 mm.
We fabricated a uniform magnetic field stimulation device using the optimum conditions, as shown in Figure 4 . For the core material, we used silicon steel, which has a high relative magnetic permeability. Upon application of ACMF to the silicon steel plate, eddy currents were generated inside the plate. These eddy currents generate an opposing magnetic field and cause energy loss. Because of the generation of the opposing magnetic field, the magnetic flux leaks into the silicon steel plate. This leaking magnetic flux causes a non-uniform magnetic flux flow inside the silicon steel plate. Furthermore, because of the loss of energy, the temperature of the silicon steel plate increases. To decrease the intensity of the opposing magnetic field and the Joule heating, eddy currents should be minimized by finding the optimum loading condition. This optimization can be performed using Equations (12)- (15):
Here, b is the magnetic flux, Bm is the maximum magnetic flux, x is the width of magnetic path, a is the thickness of magnetic path, w is the angular frequency, t is time, V is the electromotive force, R is the resistance, l is the length of magnetic path, and ρ is the electric resistivity. Eddy currents are proportional to the square of the magnetic path thickness, as indicated in Equation (15). Therefore, we stacked silicon steel plates to decrease the eddy current generated inside the core material, and insulated each of the layers. The thickness was set to 0.5 mm, and the number of silicon steel plates was set to 20. Next, we made two identical solenoid coils, each comprised of three layers and with 540 turns. The fabricated coils were attached to the core material. Nakamachi, Matsumoto, Sakiyama, Yamamoto and Morita, Journal of Biomechanical Science and Engineering, Vol.13, No.2 (2018) [DOI: 10.1299/jbse.18-00024]
Development of the stretch stimulation system
We designed and fabricated a stretch stimulation device that can apply cyclic tensile strain to PC12 cells and perform in situ microscopic observation. This device can stretch the elastic silicone sheet membrane to which the cells are adhered (Abou-dakka et al., 2012; Clark et al., 2001; Hayakawa et al., 2000; Qu et al., 2007) . The designed system is shown in Figure 5 . The stretch system is formed by the chamber, silicone unit, stepping motor (DRLM28-03A1PN-K, Oriental motor), linear motion guide rail (SSEB6-25-WC, MISUMI), and acrylic guide rails. Since the stretch system is designed on the presumption that it will be combined with the uniform ACMF system, magnetic material cannot be used in the chamber. The fabricated stretch stimulation system is shown in Figure 6 .
The silicone unit is shown in the culture area of Figure 7 . The silicone unit consists of a silicone rubber sheet (SANSHINENTERPRISE Co., Ltd) (width: 10 mm, length: 30 mm, thickness: 50 m) and two acrylic structures (width: 10 mm, length: 10 mm, thickness: 3 mm). We used polydimethylsiloxane (PDMS: SILPOT 184W/C, Dow Corning Toray Corporation) as an adhesive.
We attached the silicone unit to the free-end and fixed-end arms with polycarbonate screws. Because the free-end arm is supported by two acrylic guide rails and a linear motion guide rail, the stretch stimulation system was designed to reduce the fluctuations and vibrations. We cultured PC12 cells on the silicone sheet of the silicone unit attached to the stretch stimulation system. In addition, we supplied the culture medium to the 60-mm dish (3010-060-MYP, IWAKI) that was in the chamber. Deformation of the silicone sheet, which applies strain to adherent cells, is caused by driving the stepping motor. We controlled the stretch direction, driving speed, and driving amount using the stepping motor with "Hyper-terminal" software via the controller (EMP400, Oriental motor).
Development of hybrid electromagnetic and mechanical stimulation system
We assembled a hybrid electromagnetic and mechanical stimulation system consisting of uniform ACMF stimulation and stretch stimulation systems. Figure 8 shows a schematic of the assembly process, where the yoke of the frame was adjusted on the frame of the chamber for stretch stimulation. Because a uniform ACMF is applied to the culture area of stretch stimulation, this system can simultaneously apply uniform ACMF and stretch stimulation to cells. 
PC12 Cell culture
PC12 cells were cultivated on the silicone sheet under different conditions. However, since the silicone sheet exhibits hydrophobicity, and hydrophobic substances have low affinity for proteins, it is difficult for cells to adhere to the sheet. Therefore, it is necessary to apply hydrophilization treatment and coating to the silicone sheet to adhere the cells to it.
The silicone sheet was treated with oxygen plasma using a dry etching system (FA-1-UZ, SAMCO Ltd., Japan) to improve the condition of the surface. The plasma treatment parameters were 50 sccm oxygen flow rate and 5 W power for 3 s. The contact angle after treatment was 77°. In addition, a collagen coating was applied to the silicone sheet after hydrophilization treatment. We used type 1 collagen (Cellmatrix type-C, Nitta Gelatin Inc.) for the collagen coating. The coating procedure was prepared as follows: the silicone sheet was dipped in collagen solution and then incubated for 1 h at 37 C. Then, the solution was removed, and finally, the silicone sheet was washed twice with phosphate buffered saline (PBS, 05193, Nissui Pharmaceutical Co. Ltd., Japan).
PC12 cells were seeded on the treated silicone sheets at a cell density of 2.0×10 4 cells/cm 2 . The PC12 cells (RBRC-RCB0009, Lot No. 053) were provided by RIKEN CELL BANK. DMEM (Dullbeco's modified Eagle's medium, 8456-65, nacalai tesque Co. Ltd., Japan) medium supplemented with 10 horse serum (16050-122, Gibco, life technologies Japan Ltd., Japan), 5 fetal bovine serum (SH30396.03, HyClone Laboratories Inc., U.S.A), and antibiotic (Antibiotic Antimycotic Solution (100×), Stabilized, A5955, Sigma-Aldrich Japan Co. LLC., Japan) was used as the culture medium. PC12 cells were cultured for 24 h in the culture medium, then PC12 were cultured for 96 h in the culture medium with 50 ng/mL NGF (Nerve Growth Factor, NGF 2.5S, 13257-019, Thermo Fisher Scientific K.K., Japan), and maintained in a 5% CO2 incubator at 37 C.
Stimulation conditions and measurement protocol of axonal length
We quantitatively evaluated the effect of ACMF stimulation, stretch stimulation, and hybrid stimulation on PC12 cells. We fabricated the structure, as shown in Figure 10 , to make the culture environment of the control and ACMF stimulation group similar to the culture environment of the stretch stimulation and hybrid stimulation groups. The culture Nakamachi, Matsumoto, Sakiyama, Yamamoto and Morita, Journal of Biomechanical Science and Engineering, Vol.13, No.2 (2018) environment of the hybrid stimulation group was the same as the culture environment of the stretch stimulation group.
In regard to stimulation intensity, we referred to previous studies after confirming that they could be applied to the systems in this study (Blackman et al., 1993b; Haq et al., 2006) . The stimulation time was determined based on the nerve growth process. The nerve growth process has five stages, as shown in Figure 11 . In Stage 1, lamellipodia are formed. In Stage 2, multiple immature neurites are formed. In Stage 3, polarization occurs, and axon formation begins. In Stage 4, other neurites differentiate into dendrites. In Stage 5, the maturation of axonal extension occurs. It takes approximately 24 h to reach Stage 3 and approximately 96 h to reach Stage 5. Stretch stimulation is considered to enhance neurogenesis and induce the nerve to reach Stage 3 within 24 h. Therefore, the stretch stimulation period was set as 24 h. To validate this, stretch stimulation was applied to PC12 cells for 24 and 96 h. Figure 12 shows images of PC12 cells after 96 h of cultivation. Statistical studies showed no significant difference between stimulation times of 24 and 96 h, as shown in Figure 13 .
ACMF stimulation enhances neurite outgrowth. Therefore, we applied it for 96 h because it may affect all stages of nerve growth. Table 1 lists all the stimulation conditions. Stretch stimulation (4% strain, 1 Hz) was applied to PC12 cells for 24 h from the addition of NGF. ACMF stimulation (4.2 T) was applied to PC12 cells for 96 h after the addition of NGF. Hybrid stimulation combines stretch stimulation and ACMF stimulation. PC12 cells were observed at 0, 3, 6, 12, 24, 48, 72 , and 96 h using microscopy. For the measurement of PC12 axonal length, Image J (Schneider et al., 2012) was used. The measured number of axons was 60. The measurement was conducted based on the following criteria:
1. Cells must not connect with one another. 2. Measurement must be made only on one axon for each cell. 3. If some axons or dendrites are extended from one cell, we must select only the longest one. 4. If the axons branch off in some direction, we must select only the longest branch. Nakamachi, Matsumoto, Sakiyama, Yamamoto and Morita, Journal of Biomechanical Science and Engineering, Vol.13, No.2 (2018) [DOI: 10.1299/jbse.18-00024]
Assessment of stimulation influence for PC12 axonal extension 3.1 Validation of the ACMF stimulation system
A verification experiment was conducted to evaluate the efficiency of the produced uniform magnetic field stimulation system. To evaluate the generated magnetic field, a Gauss meter (7030 type, TOYO Corporation) with a 10 nT resolution was used. For the driving current application, a function generator (33120A, Hewlett-Packard Company) was used. Blackman (Blackman et al., 1993b) reported that a 50 Hz ACMF stimulation with 4.2 T magnetic flux density enhanced the axonal extension of PC12 cells, so verification was conducted by measuring the deviations from 4.2 T. Magnetic flux density was measured at thirteen points on the bottom of the 35-mm dish. The driving current was 4.37 mApk-pk when the middle part of the magnetic flux density was set to 4.2 T. The average magnetic flux density generated in the 35-mm dish was 4.22 T. Furthermore, we analyzed the magnetic field using the measured driving current. Figure  14 shows a contour map of the magnetic field obtained from this analysis. Analytical results indicated that the magnetic flux density in the middle region of the dish was 4.27 T, and the average value within the culture area was 4.27 T, the same as in the middle region. This confirms that the magnetic field distribution is indeed uniform with negligibly small errors. Comparing the analytical and measured values, a 1.67% difference at the center of the culture area and a 1.19% average difference were found. All magnetic flux density values were within ± 1.5% of the average value. Therefore, the ACMF system was developed in accordance to the design specifications. 
Stimulation time 24 hours
Stimulation time 96 hours Nakamachi, Matsumoto, Sakiyama, Yamamoto and Morita, Journal of Biomechanical Science and Engineering, Vol.13, No.2 (2018) [DOI: 10.1299/jbse.18-00024]
Validation of the stretch stimulation system
Haq reported (Haq et al., 2006) that applying 4% strain to PC12 cells enhanced their axonal extension, so the same uniform 4% strain was applied in this study. However, the strain was not completely uniform when the silicone sheet (10  10 mm) was pulled under uniaxial tensile conditions. A verification experiment was conducted in which the strain at the central part of the silicone sheet, where the cells are cultured, was measured. The microscope magnification at the time of strain measurement was 100. The photography domain of the digital camera was 1.2  0.8 mm. A strain measurement was conducted in the central part of the silicone sheet (3.6  2.4 mm 2 ). We adopted the silicon process technology to fabricate the grid pattern on the silicon rubber sheet (Adrega 2010 , Tang, 2015 . Photoresist S1830 (Sumitomo chemical Co., Ltd., 10336641) was used for pattern generation (Sasaki, 2011; Shoji, 2004) . We prepared a S1830 thin film on the silicone sheet using a spin coating process. Next, the silicon sheet was covered with the patterned mask, and was irradiated by the ultraviolet rays to generate the grid pattern. The interval of the grid pattern is 100 m, as shown in Figure 15 . The equation for nominal strain is written below:
Here, ε, l1, and l2 are the tensile strain of silicone sheet, and the lengths of grid interval before and after deformation, respectively. We calculated the tensile strain in the stretch direction using Equation (16). Figure 16 shows the strain distribution in the tensile direction. The contour lines in the color map show the tensile strain distribution on the observation area (2.4 × 3.6 mm 2 ). The tensile strain in the stretch direction in the observation area ranges from 4.00-4.16%. Finally, we concluded that our stretch stimulation system was completed in accordance with the design specifications. 
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Comparison of hybrid, ACMF, and stretch stimulations
PC12 axonal extension under stretch, ACMF, and hybrid stimulations, was observed and compared with a control after 96 h. Figure 17 shows images of PC12 cells after 96 h of cultivation after NGF addition. The magnification is 200×. It was confirmed that PC12 cells extended axons under all conditions. Figure 18 shows the graph of average PC12 axonal extension under all conditions at each observation time. As a result of the comparison with the PC12 axonal length of the control group, the enhancement of axonal extension observed was 31.8% under stretch stimulation, 33.4% under ACMF stimulation, and 69.4% under hybrid stimulation. Multiple comparison tests were conducted on these data, based on the Steel-Dwass test. Multiple comparison examinations showed a significant difference between the control and hybrid stimulation groups. Comparing several processes of axonal extension, it was confirmed that axonal extension of PC12 under stretch stimulation was markedly enhanced from 0-24 h. In addition, it was confirmed that axonal extension of PC12 under ACMF stimulation was markedly enhanced from 24-96 h. Under hybrid stimulation, the features of the axonal extension process under ACMF stimulation and stretch stimulation were simultaneously confirmed. Therefore, these results suggest that hybrid stimulation may exert a synergistic effect on the enhancement of axonal extension. 
Conclusion
We designed and fabricated a hybrid ACMF and mechanical stimulation system. The effects of stimulation on PC12 axonal extension were confirmed by measuring the PC12 axonal length. The following important findings were revealed in our study to elucidate the enhancement of axonal extension: (1) A hybrid electromagnetic and mechanical stimulation system that can simultaneously apply uniform ACMF stimulation (4.22 T) and stretch stimulation (4% strain) to cells was fabricated. We proposed a frame type magnetic field stimulation system for in situ observation. Uniform magnetic and stretch strain fields were achieved in the culture area of PC12 cells. (2) PC12 cells were subjected to uniform ACMF stimulation, stretch stimulation, and hybrid electromagnetic and mechanical stimulation using the fabricated system. As a result of comparison with average PC12 axonal length of the control group, the enhancement of axonal extension of 31.8% under the stretch stimulation, 33.4% under the ACMF stimulation, and 69.4% under the hybrid stimulation was confirmed. Consequently, the availability of the developed hybrid electromagnetic and mechanical stimulation system for enhancing nerve regeneration was confirmed.
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